The MCM2-7 (minichromosome maintenance) proteins are a family of evolutionarily highly conserved proteins. They are essential for DNA replication in yeast and are considered to function as DNA helicases. However, it has long been shown that there is an overabundance of the MCM2-7 proteins when compared with the number of DNA replication origins in chromatin. It has been suggested that the MCM2-7 proteins may function in other biological processes that require the unwinding of the DNA helix. In this report, we show that RNA polymerase II (Pol II)-mediated transcription is dependent on MCM5 and MCM2 proteins. Furthermore, the MCM2-7 proteins are co-localized with RNA Pol II on chromatins of constitutively transcribing genes, and MCM5 is required for transcription elongation of RNA Pol II. Finally, we demonstrate that the integrity of the MCM2-7 hexamer complex and the DNA helicase domain in MCM5 are essential for the process of transcription.
The MCM2-7 (minichromosome maintenance) proteins are a family of evolutionarily highly conserved proteins. They are essential for DNA replication in yeast and are considered to function as DNA helicases. However, it has long been shown that there is an overabundance of the MCM2-7 proteins when compared with the number of DNA replication origins in chromatin. It has been suggested that the MCM2-7 proteins may function in other biological processes that require the unwinding of the DNA helix. In this report, we show that RNA polymerase II (Pol II)-mediated transcription is dependent on MCM5 and MCM2 proteins. Furthermore, the MCM2-7 proteins are co-localized with RNA Pol II on chromatins of constitutively transcribing genes, and MCM5 is required for transcription elongation of RNA Pol II. Finally, we demonstrate that the integrity of the MCM2-7 hexamer complex and the DNA helicase domain in MCM5 are essential for the process of transcription.
The MCM2-7 2 family is an evolutionarily conserved group of proteins that are essential for DNA replication (1) (2) (3) (4) (5) (6) . The MCM2-7 proteins bind to replication origins during G 1 phase of the cell cycle along with members of the prereplication complex including origin recognition complex (ORC), cell division cycle 6 (Cdc6), and chromatin licensing and DNA replication factor 1 (Cdt1) (7) (8) (9) , which is required for replication origin activation (reviewed in Refs. 2 and 3). Recruitment of MCM2-7 to replication origins is highly regulated and dependent on the interactions of Cdc6 and Cdt1 with origins (10) . Once DNA replication is initiated, the MCM2-7 proteins appear to move along with the replication fork, further supporting their possible role as a replicative DNA helicase (8) .
The molecular structure of the MCM2-7 proteins and biochemical analyses suggest that they function as a DNA helicase during DNA replication (11) (12) (13) . The MCM2-7 proteins form several subcomplexes including MCM2/4/6/7, MCM4/6/7, MCM3/5, MCM4/7, and MCM2/3/5 (4, 11, 14 -17) . It has been suggested that different subcomplexes may be components or have a regulatory role in a stepwise assembly of the entire hexameric complex onto DNA (14, 18) . A hexamer containing two trimers of MCM4/6/7 was shown to have helicase activity for DNA-DNA and DNA-RNA substrates in vitro (11, 14, 15, 19) . Furthermore, in vivo data showed that all the subunits (MCM2-7) are required for DNA replication elongation and that the entire MCM2-7 complex has in vitro helicase activity (9, 12) . Recent studies also showed that different members of the MCM2-7 family vary in their contributions to ATP hydrolysis and the MCM2-7 complex forms a toroidal structure containing a discontinuity between MCM2 and MCM5 that drives circularization of the complex (12, 13) .
In addition to DNA replication, several lines of evidence suggest that MCM2-7 may also function in other cellular processes involving DNA. This possibility was first introduced based on the observation that MCM2-7 proteins are highly abundant in the cell and that the amount of these proteins exceeds the number of replication origins in yeast (1, 4 -6) . A potential role for the MCM2-7 proteins for transcription has been supported by a number of observations. Members of the MCM2-7 family have been shown to interact with components of the transcription machinery including RNA polymerase II (Pol II) and some transcription factors. Our previous studies showed that the MCM2-7 proteins are recruited by Stat1 for transcription activation in response to IFN-␥ and that MCM5 is essential for Stat1-mediated transcription (20 -22) . The MCM2-7 proteins interact with the promoters of Stat1 target genes in response to IFN-␥, and they move along these genes with RNA Pol II during transcription (22) , similar to their ability to move along with the DNA replication fork (8) . MCM2 interacts with the carboxylterminal domain of RNA Pol II, and antibodies directed against MCM2 inhibit RNA Pol II transcription in Xenopus oocytes (23, 24) .
In this report, the role of the MCM2-7 proteins in the process of cytokine-independent, RNA Pol II-mediated transcription of constitutively expressed genes was further analyzed. RNA interference techniques were utilized to knock down MCM2 and MCM5 followed by tritiated uridine incorporation assay and nuclear run-on assays to show that they are required for RNA Pol II-mediated transcription. Using chromatin immunoprecipitation (ChIP) assays, we demonstrate that members of the MCM2-7 proteins are present on the chromatins of constitutively transcribing genes along with RNA Pol II and that MCM5 is required for transcription elongation of RNA Pol II. Furthermore, using MCM5 mutants that are specifically deficient in the formation of MCM2-7 hexamer complex or DNA helicase domain, we demonstrate that the integrity of the MCM2-7 hexamer complex and the helicase domain of MCM5 are essential for the process of transcription. ChIP Assay-ChIP assays were performed as described previously (25) using 2.5 g of each antibody (anti-Stat1C, anti-MCM2, anti-MCM3, anti-MCM5, anti-RNA Pol II). Primers for the ChIP assay were as follows: center of the GAPDH gene, 5Ј-GTATTCCCCCAGGTTTACAT-3Ј and 5Ј-TTCTGTCTT-CCACTCACTCC-3Ј; 5Ј region of GAPDH, 5Ј-TCGTGTTCC-CTAATCCCATC-3Ј and 5Ј-ATAGCTCACGCCCTCTGC-3Ј; center of the E2F4 gene, 5Ј-AGATACCCTCTTGGCCATCC-3Ј and 5Ј-GGATGCCCATCCTCCTAGAT-3Ј; center of the ␤-actin gene, 5Ј-AAGATGACCCAGGTGAGTGG-3Ј and 5Ј-CCTGCAGAGTTCCAAAGGAG-3Ј; center of the ␤-tubulin gene, 5Ј-CTGGACCGCATCTCTGTGTA-3Ј and 5Ј-GTTCA-CGAAAGGGGACAAAA-3Ј; 5Ј region of ␤-actin, 5Ј-GTCTC-TTGGCCAGCTGAATG-3Ј and 5Ј-TCTTGCTGCCTGTTG-ATGAG-3Ј; 5Ј region of EF4, 5Ј-TGCTAGACTTGGCCTCA-ACC-3Ј and 5Ј-ACCACACCCCTCTTCACAAG-3Ј; 5Ј region of ␤-tubulin, 5Ј-TCAAAACAATGGCTCGAAAA-3Ј and 5Ј-AGCGAAAAATGGGGAGAAGT-3Ј; and GAPDH promoter region, 5Ј-ACGTAGCTCAGGCCTCAAGA-3Ј and 5Ј-AAG-AAGATGCGGCTGACTGT-3Ј.
EXPERIMENTAL PROCEDURES
RNAi-RNAi knockdown of MCM2 and MCM5 were performed with the RNAi human/mouse control kit from Qiagen. Two sets of MCM5 siRNAs were described previously (22) , and MCM2 were from Qiagen (catalog number SI02653525). 293T cells were transfected with 0.25 g of each MCM5 siRNA or 0.5 g of MCM2 or negative control siRNA according to the manufacturer's instructions.
Tritium Incorporation Assay-Transcription efficiency was measured by tritium incorporation as described previously (26) . A total of 1 ϫ 10 6 cells were treated with 50 M [5,6-H-3]uridine 40 -50 Ci/mmol for 0, 20, and 120 min. Cells were washed once with 1ϫ phosphate-buffered saline and resuspended in 500 l of 10% trichloroacetic acid. Precipitated nucleotides were collected with glass microfiber filters, and counts per minute (cpm) were determined using a scintillation counter.
Nuclear Run-on Assay-A total of 1 ϫ 10 6 cells were suspended in 4 ml of lysis buffer (10 mM Tris-Cl, pH 7.4, 10 mM NaCL, 3 mM MgCl 2 , 0.5% Nonidet P-40) and incubated on ice for 5 min. Cells were centrifuged at 1500 rpm for 5 min at 4°C. Cells were again resuspended in 4 ml of lysis buffer and centri- 32 P]UTP). Reactions were incubated at 30°C for 30 min. RNA was extracted with TRIzol (Invitrogen) according to the manufacturer's instructions, and RNA was resuspended in 500 l of diethylpyrocarbonate (DEPC) treated water. RNA was incubated at 65°C for 10 min and incubated with slot-blot membranes in 25 ml of Church's buffer (1% bovine serum albumin, 0.5 M NaHPO4, 0.5 M NaH 2 PO 4 , 0.001 M EDTA, 7% SDS) at 65°C overnight. Membranes contained 5 g of the indicated plasmids and poly(A) RNA. Poly(A) RNA was isolated with the Promega poly(A) tract kit.
PI Staining and FACS-Cells were cultured as described in 10-cm dishes to 80 -90% confluence and stained with PI (10 g/ml PI in 38 mM sodium citrate, pH 7.0) as described previously (27) . Cells were analyzed using FACSCalibur and CellQuest analysis software.
Transfections-Transient transfections of 293T cells were performed with the Lipofectamine 2000 reagent according to the manufacturer's instructions (Invitrogen).
Western Blot Analysis-Western blot analysis was performed with the indicated antibodies on whole cell extracts separated by SDS-PAGE and analyzed by chemiluminescence (PerkinElmer Life Sciences).
Plasmids-The plasmids pMCM5WT, pMCM5KMD, and pMCM5RK were constructed as described previously (21) . The plasmid pMCM5WT contains the wild-type hemagglutinin A (HA)-tagged MCM5 gene. The plasmid pMCM5KMD contains mutations in the ATP-binding site domain and the conserved helicase domain of MCM5 (described as KMDA4 in Ref. 21 ). The pMCM5RK construct contains mutations at residues Arg-732 and Lys-734 (described as R732D/K734D in Ref. 21 ). All MCM5 constructs were subcloned into RcCMV (Invitrogen) as described previously (21) .
RESULTS

MCM5 and MCM2 Are Required for General Transcription-
To determine whether MCM5 plays a role in general transcription, we utilized the RNAi knockdown technique that we have used in previous studies of Stat1 (22) to significantly reduce the amount of MCM5 in the cell but not eliminate it completely. 293T cells were transfected with a negative control siRNA or MCM5 siRNA for 4 days. Transfection with the MCM5 siRNA in 293T cells greatly reduced the level of MCM5 when compared with untransfected cells or those transfected with a negative control siRNA (Fig. 1A) . MCM3 levels were unaffected by either siRNA; Stat1 and Stat3 are shown as loading controls (Fig. 1A) . Cells containing the MCM5 siRNA, a negative control siRNA, and untransfected cells were analyzed by tritium incorporation assay for general transcription activity. Four days after siRNA transfection, tritiated uridine was added to the medium for 5, 20, and 120 min, and its incorporation into RNA was measured. There was an ϳ50% decrease in tritium incorporation for the cells transfected with MCM5 siRNA when compared with untransfected cells or cells with the control siRNA (Fig. 1B) .
To test whether other members of the MCM2-7 hexamer complex are necessary for general transcription, we analyzed the effect of knockdown of MCM2 on transcription because MCM2 was co-purified with the RNA Pol II holoenzyme and has been shown to specifically interact with the carboxyl-terminal domain of RNA Pol II (23, 24) . 293T cells were transiently transfected with an siRNA against MCM2 or a control siRNA. The MCM2 siRNA efficiently decreased levels of MCM2 protein when compared with untransfected (293T) cells and cells with a control siRNA (Fig. 1C, lane 3) . The cellular levels of MCM5 and Stat3 were not significantly affected (Fig. 1C) . Transcriptional activities in these cells were measured by incorporation of tritiated uridine. There was Ͼ50% decrease in tritium incorporation in cells containing the MCM2 siRNA when compared with untransfected cells (293T) and cells with negative control siRNA cells (Fig. 1D ). All together, these results suggest that the MCM2-7 family plays an important role for transcription.
To ensure that the loss of transcription activity in the MCM5 knockdown cells is not due to cell death or cell cycle arrest, the cells were stained with PI and analyzed by FACS. Cells were growing normally and looked healthy at day four after siRNA transfection (data not shown), and FACS analyses of PIstained cells showed that there was only a slight change in the distribution of cell population in the different phases of the cell cycle when compared with untransfected cells and cells transfected with a control siRNA (Fig. 2) . These results indicate that a decrease in MCM5 protein levels resulted in a loss of general transcription activity and that the observed effect on transcription is not due to a disruption in DNA replication.
MCM5 Is Essential for RNA Pol II-mediated Transcription-
The results obtained using tritiated uridine incorporation experiments suggest that MCM2 and MCM5 are required for general transcription. This assay does not distinguish RNA Pol II function from that of RNA Pol I and Pol III. To further demonstrate that MCM5 plays a role in RNA Pol II-dependent transcription and has a direct impact on transcription rate, nuclear run-on assays were performed on RNA Pol II genes. Plasmid DNA encoding RNA Pol II-dependent and constitutively expressed genes GAPDH, MCM5, MCM3, Stat1, Stat6, CREB-binding protein (CBP), and purified poly(A) mRNA were used to measure the mRNA transcription rate (Fig. 3) . In cells transfected with the MCM5 siRNA, transcription for all these genes and the poly(A) mRNA was decreased when compared with the cells transfected with the control siRNA (Fig. 3, A and B) . The IRF1 gene was used as a negative control because it is not constitutively expressed. Two plasmid vectors were also used as negative controls, and no signals were detected on these controls.
Altogether, these results demonstrate that the MCM5 protein is required for RNA Pol II-dependent transcription of constitutively expressed genes.
Members of the MCM2-7 Complex Specifically Co-localize with RNA Pol II in the Centers of Constitutively Transcribed
Genes-We have previously demonstrated that members of the MCM2-7 family bound to the promoters of Stat1 target genes in response to IFN-␥ and further move along with RNA Pol II for ligand-induced transcription (22) . To further analyze the role of the MCM2-7 proteins for RNA Pol II-dependent transcription of constitutively expressed genes, we used ChIP assays to determine whether the MCM2-7 complex interacts with , and 120 min. Cells were washed once with 1ϫ phosphate-buffered saline and resuspended in 500 l of 10% trichloroacetic acid. The precipitated nucleotides were collected with glass microfiber filters, and cpm were determined with a scintillation counter. Data represent the averages and standard deviations (error bars) of three experiments. C, 293T cells were transfected with either a negative control siRNA or MCM2 siRNA and cultured for 3 days, and Western blot was performed with anti-MCM2, anti-MCM5, and anti-Stat3 antibodies. D, cells transfected as described in C were analyzed by tritium incorporation assays as described in B. constitutively transcribed genes on the chromosome. Using PCR primers specific for the center or the 5Ј intergenic region of the GAPDH gene (Fig. 4A) , ChIP assays were performed with antibodies against MCM3, MCM5, and RNA Pol II. Both MCM3 and MCM5 were present at high levels in the center of the GAPDH gene (Fig. 4, B, lanes 2 and 4, and C) but at very low levels in the 5Ј intergenic region (Fig. 4, B, lanes 1 and 3, and C) .
RNA Pol II was also present in the center of the GAPDH gene (Fig. 4, B, lane 6, and C) , and a low level of RNA Pol II was also detected in the 5Ј intergenic region (Fig. 4, B, lane 5, and C) . These data demonstrate that there is a specific co-localization of MCM3 and MCM5 with RNA Pol II in the center of a constitutively transcribing gene on the chromosome.
To further demonstrate that the MCM2-7 complex interacts with other constitutively expressed genes in addition to GAPDH, ChIP assays were performed with antibodies against MCM2, MCM3, MCM5, and RNA Pol II, and primers were designed for the centers of the ␤-actin, E2F4, and ␤-tubulin genes. Stat1 was used as a negative control because it does not interact with constitutively expressed genes and only interacts with the promoters of specific target genes in response to IFN-␥ stimulation (22) . MCM2, MCM3, MCM5, and RNA Pol II were all detected in the center of these genes, whereas Stat1 was not (Fig. 4, D and E) . These results further indicate that the MCM2-7 complex is involved in RNA Pol II-mediated transcription.
MCM5 Is Required for Transcription Elongation of RNA Pol IITo determine whether the MCM2-7 proteins are required for the presence of RNA Pol II in the centers of constitutively expressed genes, ChIP analysis was performed with antibodies against RNA Pol II in the MCM5 RNAi knockdown cells. RNA Pol II was present in the promoter region and center of the GAPDH gene in cells transfected with a negative control siRNA (Fig. 5, A, lanes 3 and 5, and B) . In contrast, RNA Pol II was only detected in the promoter region in the MCM5 knockdown cells (Fig. 5, A, lane 4, and B) , and there was almost no RNA Pol II in the center of the gene (Fig. 5, A, lane 6, and B) . Very low levels of RNA Pol II were detected in the 5Ј intergenic region in both cell types (Fig. 5, A, lanes 1 and 2, and B) . Together, these results indicate that MCM5 is required for transcription elongation of RNA Pol II but not required for the recruitment of RNA Pol II to the promoter.
ChIP experiments were also performed for the E2F4, ␤-actin, and ␤-tubulin genes in the MCM5 knockdown cells. Similar to the results observed for GAPDH, RNA Pol II was localized to the centers of these genes only in cells transfected with a negative control siRNA (Fig. 5, C, lanes 3, 7, and  11, and D) . Very low levels of RNA Pol II were detected in the centers of these genes in the MCM5 RNAi knockdown (Fig.   5, C, lanes 4, 8, and 12, and D) . The 5Ј intergenic regions are shown as a negative control. These results further demonstrate that MCM5 is required for transcription elongation of RNA Pol II.
The Intact MCM2-7 Hexamer and Helicase Activity Are Required for Transcription-Several studies suggest that the MCM2-7 hexamer complex functions as a DNA helicase during DNA replication (11) (12) (13) . However, the functional role of the MCM2-7 complex in the process of transcription is not as well defined. To determine whether the intact MCM2-7 hexamer complex and the helicase activity of each member are required for transcription, we set up a knockdown complementation procedure with MCM5 as an example because of the availability of many MCM5 mutants generated from our previous transcriptional studies of Stat1 (21) . 293T cells were first transfected with the MCM5 siRNA or control siRNA for 3 days to allow sufficient knockdown. The cells were then divided and further transfected with the following expression plasmids: vector, MCM5 wild type, MCM5KMD (mutations in both the ATP-binding site and the helicase domain), and MCM5RK (a mutant defective in forming the hexamer) (21) . The exogenous MCM5 was tagged with hemagglutinin A (HA) (Fig. 6 ) to allow for detection of expression by Western blot analyses. The twice-transfected cells were further cultured for 24 h and then harvested and analyzed by Western blot analyses and tritium incorporation analyses. As shown in Fig. 6 , the expression of wild-type MCM5 in MCM5 knockdown cells (Fig. 6A,  lane 3) rescued the transcription activity (Fig. 6B) , whereas MCM5 mutants defective in either helicase activity (Fig. 6A, lane 4) or hexamer formation (Fig. 6A, lane 5) could not rescue the general transcription activity (Fig. 6B) . Due to the high expression level of exogenous MCM5 from the RcCMV plasmids, the MCM5 siRNA at day 4 after transfection did not inhibit the expression of exogenous MCM5. Furthermore, a wild-type MCM5 construct with a modified sequence at the siRNA target site also rescued transcription efficiency similar to the unmodified wild-type construct (data not shown). These results demonstrate that the intact MCM2-7 hexamer and helicase activity are required for transcription. 
DISCUSSION
It has long been shown that there is an overabundance of the MCM2-7 proteins when compared with the number of DNA replication origins in chromatin (1, 4 -6) . It has been suggested that the MCM2-7 proteins may function in other biological processes that require the unwinding of the DNA helix, such as DNA recombination, DNA repair, and transcription (3, 28) . Recent studies showed that the excess of MCM2-7 proteins protects human cells from replicative stress by licensing backup origins of replication (29, 30) . Our previous studies demonstrated that one specific transcriptional event, the cytokineinduced transcription activation mediated by a transcription factor called Stat1, requires one member of the MCM2-7 family and that the whole MCM2-7 complex was inducibly bound to the Stat1 target gene promoters (22) . Together with the earlier findings of a specific interaction between MCM2 and the carboxyl-terminal domain of RNA Pol II (23, 24) , we set out to test the hypothesis that the MCM2-7 proteins are essential for RNA Pol II-dependent transcription of constitutively expressed genes.
Utilizing the siRNA technique to knock down the MCM proteins without causing cell death (22) (Fig. 2) , we have generated an experimental condition in which one of the MCM2-7 proteins is transiently knocked down, allowing us to study the role of MCM2-7 in transcription without affecting DNA replication and cell cycle progression. Other studies have also shown that efficient knockdown of MCM5 did not affect cell cycle progression or cell proliferation (29) , although varying the concentration of MCM siRNAs and multiple rounds of siRNA transfection could affect proliferation and cell cycle progression (29, 30) . Our initial experiments utilizing RNAi-mediated knockdown of MCM2 and MCM5 and tritiated uridine incorporation assay determined that the MCM2-7 complex is required for transcription in general. The nuclear run-on assay using RNA Pol II-dependent constitutively transcribing genes and poly(A) RNA specifically demonstrate that MCM5 is indeed necessary for RNA Pol II-mediated transcription. Although the detailed analyses presented in this report focused on the role of MCM2-7, specifically in RNA Pol II-mediated transcription, they did not rule out a possible role for MCM2-7 in RNA Pol I and Pol III-mediated transcription. Preliminary experiments using nuclear run-on assays with the 18S rRNA and 5S rRNA genes in MCM5 knockdown cells suggest that MCM5 may also be required for efficient transcription of these genes. 3 Further detailed studies are needed to examine the role of MCM2-7 in transcription mediated by Pol I and Pol III. It is likely that the MCM2-7 proteins may be an essential component of the transcription machinery in general. Therefore, the abundance of these MCM2-7 proteins allows them to participate in two fundamental cellular processes: DNA replication and RNA transcription.
Because of the conserved helicase domains present in each member of the MCM2-7 family, they have been assumed to function as DNA helicases for unwinding of the DNA helix during replication (3, 18) . It is not clear whether the hexamer ring detected by electronic microscopy (16, 31) contains all six members (heterohexamer) or only a few members (dimer of trimers or trimer of dimers, etc.). MCM2-7 proteins can form a heterohexamer complex and subcomplexes such as MCM4/6/7 and MCM3/5 (4, 11, 32, 33) . It has been suggested that these subcomplexes are components in the assembly of the hexameric structure or that they may have regulatory activities (18) . For our studies of the involvement of MCM2-7 in transcription, we developed a procedure to introduce mutants defective in formation of the heterohexamer or helicase domain (21) in MCM5 knockdown cells to assess the function of the hexamer helicase in transcription in vivo. Our results using mutations in MCM5 suggest that it is likely that each member of the MCM2-7 family is necessary to form the hexamer on chromatin and contribute to the helicase function for transcription.
The RNA Pol II holoenzyme contains DNA helicase components such as the TFIIH complex required for transcription initiation (34, 35) . However, the TFIIH complex has not been shown to move with the RNA Pol II during transcription elongation. Chromatin remodeling complexes have been implicated in transcription elongation by RNA Pol II, yet no direct interaction with RNA Pol II has been demonstrated with these factors (36) . Our findings of the co-presence of MCM2-7 proteins with the RNA Pol II in the central portions of transcribing genes (22) (Fig. 4 ) strongly suggest that it is the MCM2-7 hexamer that provides the necessary DNA helicase activity during transcription elongation. Furthermore, we demonstrate that, at least one of the MCM2-7 proteins, MCM5, is required for transcription elongation of RNA Pol II (Fig. 5) . It is conceivable that through the specific interaction between MCM2 and the carboxyl-terminal domain of RNA Pol II (23, 24) , the whole MCM2-7 hexamer complex travels with RNA Pol II to unwind the DNA helix during transcription elongation.
